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Abstract: Washing machines are one of the tools that bring great convenience to people's daily lives. 

However, washing machines that have been used for a long time often develop issues such as odor 

and mold, which can pose health hazards to consumers. There exists a conspicuous gap in our 

understanding of the microorganisms that inhabit the inner workings of washing machines. In this 

study, samples were collected from 22 washing machines in Shanghai, China, including both water 

eluted from different parts of washing machines and biofilms. Quantitative qualitative analysis was 

performed using fluorescence PCR quantification and microbial communities were characterized 

by high throughput sequencing (HTS). It showed that the microbial communities in all samples 

were predominantly composed of bacteria, and they have a strong adhesion ability in the washing 

machine environment. HTS results showed that in the eluted water samples, the bacteria mainly 

included Pseudomonas, Enhydrobacter, Brevibacterium and Acinetobacter. On the contrary, in biofilm 

samples, Enhydrobacter and Brevibacterium were the predominant bacterial microorganisms. 

Correlation analysis results revealed that microbial colonies in washing machines were significantly 

correlated with years of use and the type of detergent used to clean the washing machine. As 

numerous pathogenic microorganisms can be observed in the results, effective preventive measures 

and future research are essential to mitigate these health problems and ensure the continued safe 

use of these household appliances. 

Keywords: household washing machines; microbial contamination; colony counting; 

metagenomics; pathogenic bacteria 

 

1. Introduction 

Washing machines are integral to modern life, playing a pivotal role in maintaining personal 

hygiene and cleanliness. However, the very appliances designed to eliminate dirt and microbes may 

harbor and propagate these microorganisms. Microbial contamination in washing machines has 

emerged as an area of concern due to its potential impact on human health [1]. In recent years, there 

has been a growing focus on the hygiene conditions of washing machines. A study conducted by ID 

Nix et al. in 2015 analyzed microorganisms in German washing machines and identified 

proteobacteria as the dominant bacterial microorganisms, whereas Basidiomycetes and Ascomycetes 

were the main colonized fungi [2]. The China Center for Disease Control and Prevention conducted 

a study in 2016, which involved sampling 15 household washing machine water samples in Beijing 

to test for pathogenic bacteria and conditionally pathogenic bacteria such as Pseudomonas aeruginosa, 

Staphylococcus aureus, and Escherichia coli. Notably, this study found a detection rate of 66.67% for 

Pseudomonas aeruginosa [3]. Furthermore, in 2022, Li Jiaqing et al. investigated public washing 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 December 2023                   doi:10.20944/preprints202311.1980.v1

©  2023 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202311.1980.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

machines in a college dormitory in Guiyang for four consecutive months and discovered microbial 

contamination and the presence of pathogenic bacteria [4]. 

Washing machines can become reservoirs for a diverse array of microbes. The general public is 

increasingly concerned about the issue of microbial contamination in washing machines. On one 

hand, clothes and fabrics washed by washing machines are often in close contact with the body, and 

people are highly attentive to their cleanliness. On the other hand, washing machines have become 

an essential part of modern people's daily lives. While washing machines provide convenience, the 

development of odors and mold after prolonged use can reduce the overall experience and sense of 

security. During the use of a washing machine, microorganisms can enter the machine through 

clothing, home textiles, and washing water [5]. Due to the enclosed structure of washing machines 

and the humidity in the usage environment, microorganisms tend to accumulate in areas such as the 

inner cylinder, rubber seal, and detergent dispenser, leading to cross-contamination during the 

washing process [6,7]. This issue poses a multifaceted challenge as it involves both the introduction 

of harmful microorganisms into the washing machine, typically from soiled clothing, and the 

subsequent dispersion of these contaminants onto previously clean garments. Such a process not only 

threatens the efficacy of the washing machine in achieving its primary objective but also raises 

significant concerns related to public health. In this context, it is crucial to delve into the various 

aspects of cross contamination within washing machines.  

Currently, there are two categories of methods to characterizing microbial communities in 

washing machines: traditional culture-dependent methods and non-culture-independent methods 

[8]. Each has its advantages and disadvantages. Usually, combined methods are used to obtain more 

comprehensive information on the structural composition and diversity of microbial communities 

[9]. The plate coating culture method is the basis for exploring the structural diversity of microbial 

communities through traditional culture-dependent methods. By using different media or culture 

conditions, the probability of microorganism separation can be effectively increased. To obtain a 

more comprehensive analysis of microbial diversity and achieve accurate identification of microbial 

communities (including those with low abundance), technologies are being widely applied in 

functional microbial ecology research. Compared with traditional sequencing techniques, High 

throughput screening (HTS) such as nano-biofilm array and droplet microfluidic have higher 

throughput and sequencing efficiency saves a lot of time, and can also provide more detailed, 

accurate, and reliable digital information, which helps to correctly understand the relationships 

between various microbial communities in the process of cross contamination [10–12]. Combining 

multiple methods and collecting samples from different locations and times can provide a more 

comprehensive understanding of the microbial communities in washing machines. This information 

can be used to develop strategies to improve hygiene, reduce microbial contamination, and ensure 

the safe use of these appliances. Currently, there is a limited amount of research available on the 

microorganisms inside washing machines, and their community characteristics and potential harm 

to the human body are not well understood [13,14]. Based on the aforementioned background, this 

study aims to investigate the internal microbial community structure of washing machines, providing 

insights for the development of materials, products, and methods pertaining to washing machines. 

2. Materials and Methods 

2.1. Sample Collection and Preprocessing 

The study was conducted from July to August in 2022, where 22 private households with regular 

washing machine cleaning habits were selected for on-site screening and visits. The selection of 

washing machines was based on their conditions, usage patterns, cleaning methods, and the 

demographics of washing machine users. The washing machines were categorized into two groups: 

drum washing machines and agitator washing machines, based on their structural differences and 

operational modes, which may impact hygiene due to variations in contact with washing water. 

According to a 2016 survey by the Chinese Center for Disease Control and Prevention [1], bacterial 

contamination inside washing machines tends to increase with time, with no significant changes 
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observed after three years. This suggests a potential influence of biofilm. Therefore, the duration of 

usage was classified into three groups: 1-3 years, 3-5 years, and over 5 years. Regarding washing 

machine usage, various habits can affect the hygiene of washing machines. This study categorized 

users based on factors such as the use of the drum self-cleaning mode, the addition of disinfectant 

during washing, the frequency of cleaning the washing machine, and the duration of soaking during 

cleaning. In terms of user demographics, the number of individuals using the washing machine might 

influence the rate of microbial accumulation. Therefore, users were divided into groups based on 

whether one generation, two generations, or three generations shared the same living space. As 

shown in Table 1, all sampled washing machines had been in use for more than 1 year. Samples were 

collected from each household, including tap water, inner barrel water, pure washing water, washing 

water with non-antibacterial detergent, and biofilm from the inner cylinder. When sampling the 

washing water with detergent, the same type of detergent without antibacterial properties was used 

to control variables. Some common antibacterial ingredients found in household detergents include 

benzalkonium chloride, triclosan, boric acid, hydrogen peroxide, tea tree oil or citric acid. For water 

samples, 1000 mL of water was collected in a beaker disinfected with 75% ethanol and transferred to 

sterile sample bottles, which were then placed in an ice box for transportation. Upon arrival at the 

laboratory, the samples were concentrated through a 0.22 μm filter and stored at -20℃ until further 

analysis. Biofilm samples were collected from the outer wall, base, rubber ring, etc. of the inner 

cylinder using a cotton swab, which was then placed in an EP tube. The biofilm sample was stored 

at 0℃ until further testing. 

Table 1. Information of the collected samples. 

Sample 

identity
Family members 

Type of 

WM1 

Service life 

(year) 

Usage frequency 

(/per week) 

WM cleaning 

frequency 

Type of WM 

drum cleaner   

Detergent 

soaking time  

1018 Couple Agitator 1-3 3-5 ＜3 Powder ＜30 min 

1011 Couple+1 child Drum 3-5 6-7 1-3 Powder ＞2 H 

1023 Couple+parents+1 child Drum 1-3 2-3 1-3 Effervescent tablet ＞2 H 

1001 Couple+1 child Drum 1-3 3-5 1-3 Powder ＞2 H 

1008 Couple+parents+1 child Agitator 1-3 6-7 ＜3 Powder ＜30 min 

1005 Couple Drum 3-5 3-5 1-3 Powder ＞2 H 

1017 Couple+1 child Drum 3-5 6-7 ＜1 Powder ＜30 min 

1013 Couple+parents+1 child Drum 3-5 6-7 1-3 Effervescent tablet ＜30 min 

1016 Couple+1 child Agitator 1-3 3-5  ＜3 Powder ＜30 min 

1025 Couple+1 child Drum 1-3 3-5  1-3 Effervescent tablet ＜30 min 

1003 Couple+parents+1 child Drum 3-5 6-7 1-3 Liquid ＜30 min 

1012 Couple+1 child Drum 3-5 3-5  1-3 Effervescent tablet  ＜30 min  

1027 Couple+parents+1 child Drum 3-5 6-7 1-3 Effervescent tablet ＞2 H 

1010 Couple+1 child Drum 1-3 6-7 1-3 Powder ＜30 min 

1022 Couple+1 child Drum 3-5 3-5  ＜1 Effervescent tablet ＜30 min 

1026 Couple+1 child Drum 3-5 6-7 1-3 Powder ＜30 min 

1028 Couple Drum 3-5 3-5  1-3 Effervescent tablet ＜30 min 

1032 Couple+1 child Drum 5 6-7 3-6 Effervescent tablet ＜30 min 

1031 Couple+1 child Drum 5 6-7 ＜6 Powder ＜30 min 

1036 Couple Drum 5 3-5  ＜6 Powder ＜30 min 

1033 Couple Drum 3-5 2-3  1-3 Powder ＜30 min 

1034 Couple Drum 5 6-7 3-6 Powder ＜30 min 

1018 Couple Agitator 1-3 3-5  ＜3 Powder ＜30 min 

1011 Couple+1 child Drum 3-5 6-7 1-3 Powder ＞2 H 

1 WM, Washing machine. 

2.2. Biomass quantification through either DNA extraction and plate counting  

For high biomass content samples, the filter was shredded using 75% ethanol-wiped scissors 

and placed in a clean EP tube. DNA extraction was performed using a DNA extraction kit. After 
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extraction, the DNA concentration was measured using a NanoDrop spectrophotometer (NanoDrop 

Technologies, Wilmington, DE, USA), and the results were further tested through agar gel 

electrophoresis. The remaining extracted DNA fragments were stored in a -20℃ refrigerator for 

future use. For relatively high biomass samples, real-time fluorescence quantification based on 

molecular biology was employed [15]. For samples with low biomass content whose DNA couldn't 

be adequately extracted, microbial isolation counts were performed using relatively quantitative 

coating methods. To do that, one piece of filter was taken in conical flasks and mixed with 100 mL of 

sterile water. The mixture was then shaken for 30 minutes to obtain a suspension. Under aseptic 

conditions, 100 μL of the suspension was transferred onto solid potato dextrose agar (PDA) medium 

using a dilution spread method, ensuring even distribution across the solid medium. The petri dishes 

were sealed with parafilm and inverted in a biochemical incubator (25℃) until visible colonies 

appeared on the surface. 

2.3. Biomass Determination Based on RT-qPCR 

Real-time fluorescence quantitative polymerase chain reaction (RT-qPCR) has been applied as a 

high-throughput microorganism detection technology. It involves the addition of fluorescent probes 

to the PCR reaction system, allowing for real-time monitoring of changes in fluorescence signals 

during the PCR reaction. This enables the detection and quantification of target products based on 

the establishment of a standard curve [16]. For quantifying bacteria, the 16S DNA of Escherichia coli 

DH5α was selected as the standard product. For fungal quantification, general fungal primers were 

used. The extracted plasmid DNA was ligated to a vector, and the concentration was measured using 

an ultra-micro-UV spectrophotometer. The number of plasmid DNA copies was calculated based on 

the relative molecular mass of the vector, and the corresponding numerical value was recorded.  

2.4. High-Throughput Sequencing 

Regions V4-V5 of the bacterial 16S rRNA gene are detected using the forward primer 515F (5′-
GTGCCCGCMGGCGGGGGGGTAA-3′) and the reverse primer 907R (5'-

CCGTCAATTCMTTTTTRAGTTT-3′) [17]. Generic primers are used to amplify fungal internal 

transcribed genes (ITS1F, 5'-CTGGTCTTAGAGAGAGAGGAGGAAGTAA-3′ and ITS2R, 5'-

GTGCGTTCTCTCTCTCATCGGATGC-3′) [18]. Each 50 μL PCR volume contains 1 x PCR buffer 

solution (Mg2+), 0.2 mM dNTP, 0.4 mM forward primer, 0.4 mM reverse primer, and 1.25 U TaKaRa 

Taq HS polymerase (Dalian, China). 10 ng of the sample genome is added in the above reaction PCR 

system. The PCR amplification procedure is pre-denaturation at 94℃ for 5 minutes, denaturation at 

94℃ for 30 s, annealing at 55℃ for 30 s, and extension at 72℃ for 45 s. After a total of 32 cycles, it is 

maintained at 72℃ for 5 min. The genomic PCR products of each sample are analyzed through 

agarose gel (1.8% W/V) electrophoresis. Cut off each strip on the agarose gel and use the 

GelDnaPurification Kit (TaKaRa, Dalian, China) to purify and recover the DNA on the strip. After 

cutting and gluing, PCR products containing index sequences are purified using the SanPrep Column 

PCR Product Preparation Kit (Sangon Biotech, China). The purified PCR products are quantified with 

a Nanodrop@ ND-1000 UV-Vis ultraviolet spectrophotometer (Thermo Scientific NanoDrop, USA), 

then PCR products from different samples are mixed at equal molecular weights, and paired-end 

2×300 bp sequencing is performed using the MiSeq platform and MiSeq kit v3 (Illumina, USA). 

Genetic sequences obtained are processed using QIIME 2 [19]. Simply put, raw sequencing 

readings are assigned to specific samples using exact matches to barcode sequences and filtered to 

exclude low-quality sequences, namely those with <150 bp in length, mean Phred score <20, 

ambiguous bases, and/or single nucleotide repetition >8 bp. The remaining high-quality paired-end 

readings are assembled using FLASH [20]. After the detection and removal of chimera, the remaining 

high-quality sequences are clustered into amplified sequence variants. Classification is performed 

using the Q2 feature classifier QIIME 2 plug-in to implement the sklearn method and the pre-trained 

SILVA database (version 132) [21], with a similarity of 99%.  
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2.5. Statistical analysis 

Species diversity matrices are presented based on the binary Jaccard index, and principal 

component analysis (PCA), multiple comparisons, and heat mapping are performed using the R 

language platform (v.4.0.0). To determine different taxa between two groups, the linear discriminate 

analysis (LDA) effect size (LEfSe) algorithm on the Galaxy browser (https://huttenhower.sph-

harvard.edu/galaxy/) was used [22]. All data are standardized during the statistical analysis. 

3. Results 

3.1. Microbial Content of Washing Machine Water Samples 

Using fluorescence quantitative PCR and microbial pure culture methods, we detected the total 

number of bacteria and fungi in tap water to be 60 CFU/100 cm2 and <2 CFU/100 cm2, respectively. In 

the pure water elution group, the total number of bacteria was 310 CFU/100 cm2, with 29 CFU/100 

cm2 for fungi. The washing solution elution group showed higher counts, with the total number of 

bacteria exceeding 700 CFU/100 cm2, and 50 CFU/100 cm2 for fungi. The microbial colonies in all 

samples were predominantly composed of bacteria. While the detergent was able to remove more 

microorganisms, there was not a significant difference in magnitude, indicating the strong adhesion 

of microorganisms in household washing machines. 

3.2. Analysis of Microbiological Composition of Household Washing Machines 

Water samples from the washing machines were annotated using the Greengenes database for 

bacterial 16S rRNA gene identification. The samples exhibited a classification into 44 families, 121 

lineages, 324 orders, 590 families, 1,420 genera, and 3,550 species. For fungal annotation, the ITS gene 

was classified using the UNITE database [23]. The overall classification of the samples included 51 

groups, 108 classes, 226 orders, 418 families, 628 genera, and 911 species. By classifying the household 

washing machine samples, it was observed that the bacterial operational taxonomic units (OTUs) 

detected in each household ranged from 971 to 3,636, with 19 common OTUs across all households. 

Regarding fungal OTUs, they ranged from 19 to 399, with 5 common OTUs found in all households. 

The bacterial diversity in household washing machines was significantly higher than that of fungi, 

and significant differences were observed in microorganisms among washing machines from 

different households. 

Previous studies proved that the specific locations of the washing machine are critical factors 

influencing the distribution of microbial communities [24,25]. Therefore, all water samples were 

grouped according to their sources, including TAPW - tap water, ROLW - water inside the drum, EW 

- empty washing water, DW - water before detergent cleaning, and DWA - water after detergent 

cleaning. The top 10 most abundant bacteria and fungi in the washing machine water samples were 

classified separately (Figure 1). At the genus level, the predominant fungal genera were fungal sp. 

and Cyphellophora. As illustrated in Figure 1a, fungal sp. dominated abundances in TAPW, ROLW, 

and EW groups, constituting 56.47%, 29.37%, and 17.12%, respectively. In DWA group, Cyphellophora 

exhibited the highest abundance at 48.98%, with the second-highest in DW group at 18.72%. In 

contrast, Exophiala exhibited the highest abundance exclusively in the EW group at 21.06%. 

Compared to the freely circulating fungal microbial communities in water samples, substantial 

differences were observed in the fungal composition of biofilms. Among the top ten abundances 

identified in all 19 successfully detected samples, only four genera overlapped with major fungal 

genera in water samples: Aspergillus, Rhodotorula, Exophiala, and Cyphellophora (Figure 1b). 

Additionally, Fusicolla and Fusarium were prominent in the biofilm-associated fungal community. 

Regarding bacterial species distribution, the top ten most abundant genera were listed for both water 

and biofilm samples (Figures 1b and 1c). Pseudomonas stood out as the most abundant bacterial genus 

in TAPW and DW, consistently comprising over 10% in all samples. Enhydrobacter, another major 

bacterial genus, was prevalent in ROLW, EW, and DWA. Intriguingly, its presence was notably low 

in TAPW (0.49%), suggesting a source distinct from the washing machine's incoming water. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 December 2023                   doi:10.20944/preprints202311.1980.v1

https://doi.org/10.20944/preprints202311.1980.v1


 6 

 

Comparing bacterial diversity between water and biofilm samples, seven genera were consistently 

present in the top ten abundances in both groups, differing from the fungal scenario. Furthermore, 

the bacterial community in biofilm samples exhibited a concentrated distribution, with more than 

20% abundance in each sample. Notably, samples M1033 and M1001 showcased this concentration, 

with Enhydrobacter and Brevibacterium reaching 77.18% and 80.05%, respectively. Additionally, the 

top 10 bacterial microbial genera in biofilms accounted for 53.8% of the total community, which was 

ten times higher than the corresponding index for free microorganisms (5.2%). The overall annotation 

results of species composition showed similarities in the microbial species composition of washing 

and dehydration, regardless of whether detergent was used or not. However, potentially pathogenic 

microorganisms such as Pseudomonas and Acinetobacter were found [26,27]. The findings underscore 

the distinct microbial dynamics in washing machine biofilms, emphasizing the need for further 

investigation into potential sources and implications for public health.  

 

Figure 1. The microbial community structures of samples collected from household washing 

machines. (a) Stacked bar chart showing fungal genus composition of water samples based on relative 

abundance data, grouped according to their source parts; (b) fungal genus composition of biofilm 

samples based on relative abundance data; (c) bacterial genus composition of water samples based on 

relative abundance data, grouped according to their source parts; (d) bacterial genus composition of 

biofilm samples based on relative abundance data. 

3.3. Analysis of Differences in Various Water Samples 

Principal coordinate analysis was performed to analyze the differences between tap water and 

washing water with detergent. As shown in Figure 2(a), the results showed significant differences in 

bacteria families, indicating that tap water is not the primary source of microorganisms in washing 

machines. Another principal coordinate analysis was conducted comparing water samples inside the 

drum (ROLW) and empty washing water (EW) (Figure 2(b)). The findings revealed no significant 

differences between bacteria and fungi in the water samples before and after washing, indicating that 

microorganisms in the washing machine strongly adhere to surfaces. Pure water combined with 

mechanical forces alone cannot effectively remove these microorganisms. Considering the similarity 

in bacterial diversity between samples inside the drum and pure washing water, the two were 

combined as a pure water elution group (NT). Principal coordinate analysis was performed to 

compare this group with the detergent elution group (XD). As shown in Figure 2(c,d), the results 

demonstrated clear differences in bacteria when detergent was present versus when it was not, while 
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no significant differences were observed in fungi. This indicates that bacteria easily remain within 

the washing machine even after washing.  

 

Figure 2. A score plot of the principal component analysis of bacterial and fungal taxa identified in 

different samples. Eclipses in the principal component analysis were made at the 95% confidence 

interval using singular value decomposition (SVD) computation. (a) Bacterial diversity between tap 

water (TAPW) and washing water with detergent (DW); (b) Bacterial diversity between water 

samples inside the drum (ROLW) and empty washing water (EW); (c) Bacterial diversity between 

pure water elution group (NT) and detergent elution group (XD); (d) Fungal diversity between pure 

water elution group (NT) and detergent elution group (XD). 

3.4. Correlation Analysis of Microbial Communities in Washing Machines 

Several factors, including the years of use of the sampled washing machines, use of the bucket 

self-cleaning mode, addition of disinfectant during daily washing, frequency of using laundry tub 

cleaner, dosage form of the cleaner, washing frequency, and household composition, were 

considered. The microbial community in the washing machines was classified and analyzed based 

on these factors to identify the factors influencing microbial composition. 

The years of use of the washing machines were categorized as 1-3 years, 3-5 years, and 5 years 

or more (Figure 3(a)). Principal coordinate analysis revealed that the microbial community 

composition evolved with the years of use (Figure 3(b,c)). Samples older than 5 years displayed the 

lowest microbial diversity according to the sparseness curve. This could be attributed to the effects 

of biofilm adhesion, where microorganisms are not easily eluted after prolonged use. It is also 

possible that dominant strains expand more prominently during the evolution process, occupying 

more living space and suppressing other strains. In microbial communities, certain strains can 

outcompete others, leading to their dominance. Dominant strains may have specific adaptations that 

allow them to thrive in the given environment [28]. Over time, if these dominant strains continue to 

reproduce and occupy more ecological niches, they can suppress the growth of other, less competitive 

strains. This phenomenon can further reduce the overall diversity in the community [29]. 
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Figure 3. Washing machine microbiomes clustered by the years of use and washing machine cleaner 

types. (a) Rarefaction curves show the number of unique Operational taxonomic units (sharing⩾97% 

sequence identity) per total reads for each sample; (b) Bacterial diversity between different years of 

use of the washing machines; (c) Fungal diversity between different years of use of the washing 

machines; (d) Bacterial diversity between powder group and effervescent tablet group; (e) Fungal 

diversity between powder group and effervescent tablet group. 

Significant differences were observed between bacterial communities when using effervescent 

tablets and powders as washing machine cleaners (Figure 3(d,e)). Powdery cleaners exhibited better 

cleaning effects, possibly due to the larger surface area of the powder, enabling fuller contact with 

the surface of the washing machine inner cylinder and improving cleaning efficacy [30]. Contrary to 

expectations, even among households that habitually add disinfectant during the washing process, 

no significant difference was found in the microbial community composition of the washing 

machines (data not shown). This indicates that the use of disinfectants does not effectively address 

microbial contamination in washing machines.  

3.5. Function Prediction of the Microbial Communities in Biofilm Samples 

In our investigation of microbial communities within the biofilm samples of washing machines, 

we conducted FAPROTAX functional prediction analysis on bacterial communities. This exploration 

aims to understand the potential functions of microbes colonizing the internal environment of 

washing machines and their potential impact on users. FAPROTAX is a prokaryotic functional 

annotation database compiled manually from literature on cultivable bacteria. It encompasses over 

7,600 functional annotations across more than 80 functional groups, such as nitrate respiration, 

methane production, fermentation, human pathogens, collected from over 4,600 prokaryotic 

microorganisms. As seen in Table 2, a number of microorganisms are involved in crucial 

biogeochemical processes and interspecies interactions. The putative functions mainly include 

biogeochemical cycles of microorganisms, especially the circulatory functions of sulfur, carbon, 

hydrogen, and nitrogen. Among them, the most common functions were chemoheterotrophy and 
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aerobic chemoheterotrophy. These two functions were mainly contributed by the abundant bacteria 

such as Brevibacterium and Acinetobacter. It's noteworthy that human pathogens consistently rank 

among the top ten predicted major functions of bacteria in all biofilm samples, averaging over 5%. 

This underscores a significant potential health risk associated with the biofilm inside washing 

machines. These pathogenic bacteria can be transmitted to clothes during the washing process. 

Subsequent contact with these contaminated clothes may lead to skin infections or other health issues. 

Individuals with weakened immune systems, such as the elderly or those with pre-existing health 

conditions, are particularly vulnerable to infections caused by pathogenic microorganisms from the 

biofilm. 

Table 2. Putative functions of the microbial communities in biofilm samples. 

 M10

01 

M10

03 

M10

12 

M10

32 

M10

33 

M10

34 

M100

8-5 

M101

0-5 

M101

1-6 

M101

3-5 

M101

6-5 

M101

7-5 

M101

8-6 

M102

2-5 

M102

5-5 

M102

6-5 

M102

7-5 

M102

8-5 

M103

6-5 

chemoheterotrophy 38.57 34.27 21.13 25.20 30.19 29.22 21.77 34.74 29.77 23.77 25.41 30.76 34.94 16.79 29.06 32.25 32.70 25.98 21.75 

aerobic_chemoheterotrop

hy 
37.80 28.60 19.77 25.01 30.04 29.09 19.13 32.46 26.46 23.58 23.90 30.19 31.87 16.34 28.66 24.31 30.79 25.39 20.12 

fermentation 1.02 3.83 2.86 4.78 21.12 17.13 4.32 0.94 5.99 6.85 3.42 17.72 3.77 1.76 0.18 0.30 2.81 1.37 8.78 

ureolysis 5.02 0.38 13.17 2.66 1.42 0.42 7.56 1.62 11.72 1.13 4.80 1.15 4.33 0.47 3.34 11.75 6.60 1.06 2.15 

animal_parasites_or_sym

bionts 
4.48 5.13 11.99 12.12 1.04 5.99 7.74 3.73 8.46 12.37 3.24 3.30 2.19 3.76 4.38 4.40 4.42 0.94 1.33 

human_pathogens_all 4.47 5.12 11.97 12.12 1.04 5.99 7.65 3.72 8.46 12.37 3.24 3.30 2.08 3.57 4.38 4.40 4.42 0.93 1.33 

nitrate_reduction 1.16 1.45 1.08 1.00 1.27 2.40 2.73 0.73 0.08 2.27 2.96 3.14 1.58 5.03 10.03 1.62 0.90 4.60 3.75 

aromatic_compound_degr

adation 
0.09 5.51 0.10 9.21 0.28 3.90 3.32 1.36 0.04 9.36 0.44 0.61 1.14 3.96 0.57 0.72 4.31 3.22 1.33 

methylotrophy 0.81 0.04 2.27 0.31 1.26 0.04 3.73 0.59 3.36 0.24 4.26 0.51 3.76 4.70 0.72 7.44 2.12 3.49 4.47 

methanol_oxidation 0.81 0.04 2.27 0.31 1.26 0.04 3.73 0.59 3.36 0.24 4.26 0.51 3.76 4.70 0.72 7.44 2.12 3.49 4.47 

Other 5.75 15.64 13.38 7.28 11.08 5.78 18.31 19.53 2.31 7.82 24.06 8.82 10.58 38.92 17.95 5.38 8.79 29.53 30.52 

3.6. Correlation Analysis of Microbial Communities 

We compared the predominant microbial communities in biofilm and water samples. The results 

revealed that the top 10 most abundant microorganisms in the biofilm constituted over 70% of the 

total microbial population, a proportion significantly higher than that observed in free-living 

microorganisms in water samples (Figure 4a, b). Furthermore, major microbial genera present in the 

biofilm, such as Enhydrobacter, Acinetobacter, Pseudoxanthomonas and Brevibacterium, were also 

detected among the dominant genera of free-living microorganisms in water samples, suggesting 

potential microbial migration between water and biofilm. The distribution of biofilm microorganisms 

exhibited distinct temporal patterns. In cases where the washing machine's service life exceeded five 

years, the biofilm was highly dominated by Enhydrobacter and Acinetobacter species (Figure 4c). 

Conversely, in biofilm samples from shorter durations (1-3 years), these two bacterial genera did not 

exhibit clear dominance. These temporal patterns suggest that the composition of the biofilm 

microbiome in washing machines changes over time. This is an important insight because it implies 

that the microbial communities adapt and evolve in response to the conditions within the machine. 

This finding also raises questions about the mechanisms that drive the dominance of Enhydrobacter 

and Acinetobacter species in older washing machines. Further research is needed to investigate 

whether these species have specific adaptations that make them more competitive in this 

environment or if other factors are at play.  
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Figure 4. Biofilm and water samples microbiomes clustered by the years of use. (a) Stacked bar chart 

showing bacterial genus composition of biofilm samples based on relative abundance data, grouped 

according to the years of use, unclassified_C, unclassified_Comamonadaceae; (b) Stacked bar chart 

showing bacterial genus composition of water samples based on relative abundance data, grouped 

according to the years of use, A-N-P-Rhizobium, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium; 

(c) Bacterial diversity between different years of use of the biofilm samples. Dashed lines link the 

principal microbial genus concurrently present in both water samples and biofilm samples. The 7 

high-abundance bacteria shared between the biofilm and water samples are represented in the same 

color in both groups. High-abundance bacteria present exclusively in one group are depicted with 

shaded regions of different colors. 

4. Discussion 

The widespread use of shared laundry machines globally presents potential health hazards, 

particularly regarding microbial migration. Commonly located in residential and communal spaces, 

these facilities may inadvertently contribute to the dissemination of harmful microbes, impacting 

public health. The communal nature of these machines allows diverse microbial contributions from 

various users, potentially including pathogens and antibiotic-resistant bacteria. As these microbial 

communities coexist within the machine's environment, the risk of cross-contamination escalates. 

Microbial migration during washing plays a crucial role in understanding associated health risks. 

The water and surfaces within the machine create an environment conducive to microbial exchange 

and transfer, potentially leading to the persistence of pathogenic bacteria and the dissemination of 

antibiotic resistance genes. Moreover, the subsequent contact of laundered items, such as clothing 

and linens, with the skin raises concerns about direct exposure to potentially harmful microbes. This 

poses risks of transmitting infectious agents or the colonization of antibiotic-resistant strains on 

personal belongings. In summary, shared laundry machine practices, while convenient, inherently 
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entail health risks linked to microbial migration. Mitigating these risks necessitates a comprehensive 

strategy, including enhanced cleaning protocols, user education on hygiene practices, and the 

consideration of technological interventions to minimize microbial retention within shared laundry 

machines. This multifaceted approach is crucial for ensuring the safety and well-being of individuals 

engaged in shared laundry practices globally. 

Tap water and washing machines were sampled from 22 households in Shanghai, and the 

microorganisms in the washing machine environment were analyzed. Although it is reported that 

one of the most significant concerns with tap water is the presence of harmful microorganisms, such 

as bacteria, viruses, and parasites [31,32], quantitative analysis revealed a significantly higher number 

of microorganisms in the water samples from washing machines compared to tap water. This 

indicates that tap water is not the main source of microbial contamination in washing machines. The 

metagenomic analysis based on the Illumina platform identified a total of 3,550 bacterial types and 

911 fungal types in the samples. Notably, potential pathogens such as Pseudomonas spp. and 

Acinetobacter spp. were also detected. Thus, washing machines harbor a high number and diverse 

range of microorganisms, including many pathogenic species. Pseudomonas spp. and Acinetobacter 

spp. are known to cause skin infections. Pseudomonas aeruginosa, for instance, can lead to conditions 

like folliculitis and hot tub rash when it comes into contact with the skin [33]. In a washing machine, 

these pathogens may transfer onto clothing, potentially leading to skin irritations and infections upon 

wear. Inhalation of aerosolized droplets containing these pathogens, especially when garments 

contaminated with Pseudomonas spp. or Acinetobacter spp. are worn, may lead to respiratory issues. 

Individuals with pre-existing respiratory conditions, such as asthma or chronic obstructive 

pulmonary disease (COPD), could be particularly vulnerable to exacerbations of their conditions [34]. 

People with compromised immune systems, such as those undergoing chemotherapy or organ 

transplant recipients, are at heightened risk. These pathogens, if present in washing machines, could 

pose a more severe threat to individuals with weakened immune responses. Many factors, including 

the concentration of microbes, individual susceptibility, and the presence of other pathogenic species, 

influence the actual risk of illness. However, these potential health implications underscore the 

importance of maintaining clean washing machines, adopting proper laundry hygiene practices, and 

conducting further research to better understand and mitigate the risks associated with microbial 

contamination in these appliances. 

By considering factors such as the years of use, self-cleaning mode, disinfectant usage, washing 

frequency, dosage form of the cleaner, and household composition, it was observed that 

microorganisms in washing machines evolve with changes in usage time. Longer-term use and 

complex household structures were associated with increased health hazards. The decline in 

microbial diversity over time may be due to biofilm formation, making it more difficult for 

microorganisms to be eluted. Biofilms are complex communities of microorganisms encased in a self-

produced matrix of extracellular polymeric substances (EPS). In the context of washing machines, 

biofilm formation can exacerbate the presence and persistence of harmful microorganisms, such as 

bacteria and fungi, with several key implications. First, it acts as reservoirs for pathogenic 

microorganisms within washing machines. These biofilm communities provide a protected 

environment where microbes can thrive, shielded from detergents and disinfectants used during 

regular washing cycles. Additionally, dominant strains may expand, limiting the space available for 

other strains. Moreover, households with a more diverse composition exhibited higher microbial 

diversity in their washing machines, suggesting a link between population structure and microbial 

communities. Microbes within biofilms continuously shed into the wash water during each laundry 

cycle. This shedding can introduce contaminants to clean laundry, promoting cross-contamination 

and the spread of pathogens. To mitigate the influence of biofilm formation on microbial 

contamination in washing machines, regular cleaning and maintenance are crucial. Proper cleaning 

routines can help disrupt and remove biofilms, reducing the risk of cross-contamination and 

microbial persistence. Additionally, manufacturers can explore materials and design modifications 

that are less conducive to biofilm development, ultimately contributing to cleaner and safer washing 

machine environments. 
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The investigation into microbial migration within washing machines draws attention to a 

potential pathway for the transmission of antibiotic resistance genes (ARGs). Microbial communities 

thriving in biofilms, a common occurrence in washing machines, act as reservoirs for ARGs. The 

migration of these microbes during washing cycles raises concerns about the dissemination of 

antibiotic resistance. Firstly, biofilms may house bacteria carrying ARGs, which encode resistance to 

antibiotics frequently used in households. Secondly, microbial migration through the water during 

washing cycles allows potentially antibiotic-resistant organisms to contact various fabrics. The water 

serves as a medium for transporting both microbes and any genetic material they carry. In addition 

to migration, the potential for horizontal gene transfer among microbes in the washing machine 

environment is a pivotal factor. This mechanism facilitates the exchange of genetic material, including 

ARGs, between different microbial species. Subsequently, the contamination of clothes and other 

laundered items may contribute to the spread of antibiotic resistance beyond the confines of the 

washing machine environment. This poses a potential risk to public health, as individuals may 

inadvertently come into contact with and transport antibiotic-resistant microbes and genes. 

Consequently, it is imperative to develop strategies aimed at minimizing the spread of antibiotic 

resistance in household settings and mitigating its potential impact on public health. Understanding 

the dynamics of microbial migration and gene transfer in washing machines is essential for devising 

effective cleaning practices and designing machines that reduce microbial retention, thereby 

safeguarding public health. 

Despite the presence of disinfectants, there was no significant difference in microbial diversity 

in washing machines between households that habitually added disinfectant and those that did not. 

This indicates that disinfectants alone are insufficient to effectively address microbial contamination 

in washing machines. The comparison of bacterial and fungal diversity between inner barrel water 

and pure water washing water demonstrated that the mechanical force of washing without detergent 

has little effect on removing microorganisms from the washing machine. This suggests that 

microorganisms in the washing machine have a strong adhesion. Furthermore, bacteria tend to 

concentrate in washing machines, and neither pure water nor detergent can thoroughly eliminate 

microorganisms from the machine. Disinfectants may struggle to penetrate and eradicate microbial 

populations within biofilms. Effective disinfection often requires a sufficient contact time between 

the disinfectant and the target microorganisms. In washing machines, the short duration of a typical 

wash cycle may not provide adequate time for disinfectants to exert their full antimicrobial effect, 

especially on microorganisms sheltered within biofilms or textiles. On the other hand, the use of 

strong disinfectants in washing machines can have environmental consequences. Residual 

disinfectants in wastewater can impact aquatic ecosystems and contribute to antimicrobial resistance 

in the environment. 

In conclusion, washing machines harbor microbial contamination that poses a potential risk to 

human health. The currently available washing products on the market are not effective in 

thoroughly cleaning the washing machine. Future research should focus on utilizing the distribution 

and abundance of microorganisms, particularly pathogenic bacteria, within washing machines to 

develop materials and technologies aimed at controlling the hygiene conditions inside the machines.  
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